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Abstract

On the same atmospheric particles, we have measured the aerodynamic diameter, the height of the scattered
light pulse to estimate the optical diameter, and the composition with a laser ionization mass spectrometer.
Di4erent types of particles, as determined by the mass spectra, have distinct relationships between optical and
aerodynamic diameters. The relative densities of organic and sulfate particles inferred from the aerodynamic
and optical diameters are consistent with the composition inferred from the mass spectra.
? 2003 Elsevier Ltd. All rights reserved.
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Experimental

The particle analysis by laser mass spectrometry (PALMS) instrument, which collects mass spectra
of the ions produced from single particles, has been described previously (Murphy & Thomson, 1995;
Thomson, Schein, & Murphy, 2000). A second continuous laser beam and scattered light collection
has been added to the instrument to provide aerodynamic sizing of particles (Wilson & Liu, 1980;
Prather, Nordmeyer, & Salt, 1994). A 50% beamsplitter was used to separate the 532 nm laser beam
into two beams 3:3 cm apart. Light scattered as a particle transits the ;rst laser beam is collected
by an ellipsoidal mirror over a range of about 17–64◦ from forward scattering. Light scattered as a
particle transits the second laser beam is collected with varying e=ciency between 25◦ and 155◦.
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Collection of light from both beams has a complicated angular pattern and a polarization depen-
dence because the mirrors have cutouts for the particle beam and mounting hardware. The mirrors
for the second laser beam are also shaped to serve as ion extraction plates (Fig. 2, Murphy &
Thomson, 1995). The light scattering signals from both photomultipliers (Hamamatsu 5600) are
ampli;ed, then added with a transformer and digitized to 8 bits (Acqiris DP105). The resulting signal
shows both pulses and their separation. The pulse spacing and heights are determined in software.

Particles were introduced into the vacuum system using a focusing inlet based on Schreiner, Schild,
Voigt, and Mauersberger (1999). This inlet was controlled at about 50 mbar so the transmission
characteristics of the inlet did not change with outside pressure. Light scattering pulse heights are
taken from the second beam because only that beam was automatically realigned about every 30 min
during airborne measurements.

Aerodynamic diameters

Aerodynamic diameters of ambient particles were determined from the transit time between the
laser beams. Calibrations were performed using polystyrene latex spheres covering a diameter range
of 0.16–1:03 �m and a pressure range of 20–60 mbar for selected sizes. Because the inlet was
operated at low pressure, the density dependence of the aerodynamic diameter is somewhat di4erent
than for inlets operated at atmospheric pressure. The aerodynamic behavior of a particle exiting a
nozzle is determined by the Stokes number:

Stk =
�Cd2vg
9
D

;

where � is the density, C the Cunningham slip correction, d the particle diameter, vg the gas velocity,

 the gas viscosity, and D the inlet diameter.

At atmospheric pressure, particles in our size range are larger than the mean free path and the
slip correction factor is nearly constant, leading to a proportionality

daero�dgeom�0:5:

At 40 mbar, however, the mean free path is about 1:6 �m. The slip correction for sub-micron particles
is then proportional to the diameter and the functional dependence on density changes to

daero�dgeom�:

The calibrations showed a small (few percent) e4ect of pressure that was not accounted for with the
Stokes number. This departure from the solution being described by a single dimensionless parameter
could be due either to Juid drag downstream of the inlet or the changing Reynolds number in the
inlet as the pressure is changed.

A full calculation shows that for our conditions a density change of a factor of 1.7 leads to
a change in aerodynamic diameter of between 1.65 and 1.7, depending on the particle size and
pressure. The results presented here use the full calculation at di4erent densities for each particle
with a correction for the non-Stokes-number pressure dependence.
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Fig. 1. Examples of the types of mass spectra identi;ed as organic and sulfate particles in negative and positive ion
modes. Metals produce positive ions much more easily than sulfuric acid, so much so that laboratory calibrations have
shown that the large Mg and Fe peaks in the bottom panel each represent less than 1% of the particle mass and these
particles are ¿ 95% sulfuric acid and water (Cziczo, Thomson, & Murphy, 2001).

Results

The data shown are based on mass spectra of particles acquired while Jying on the WB-57F aircraft
during July 2002 from Key West, Florida. Over 14,000 mass spectra were acquired during the Jights.
These mass spectra were grouped using cluster analysis (Murphy, Middlebrook, & Warshawsky,
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Fig. 2. (a) The average light scattered as a function of the aerodynamic diameter (density = 1 g cm−3) for the types
of particles shown in Fig. 1. The agreement between the positive and negative ion curves shows that the identi;cation
of organic and sulfate particles is consistent for both polarities. (b) The diameters of the sulfate particles have been
recalculated assuming a density of 1:7 g cm−3. The agreement between the organic and sulfate curves shows that their
densities are consistent with the composition inferred from the mass spectra.

2003) and two sets of clusters were considered: those with the highest organic content and those
with the highest sulfate content. Average mass spectra from organic and sulfate clusters are shown
in Fig. 1. In order to simplify the range of possible types of particles, only particles from above
11 km altitude were considered for further analysis. At these altitudes, the positive ion sulfate data
cluster contained meteoric metals, showing that the particles had come from the stratosphere and
hence were probably sulfuric acid rather than ammonium sulfate.

Fig. 2 shows the average light scattered for each type of particle as a function of the aerodynamic
diameter. Quartiles (enclosing half the data) are shown for selected points. The wide spreads are
because the mass spectrometer does not employ sheath air or other techniques commonly used in
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optical particle counters to keep particles from being undersized at the edges of the laser beams.
After averaging, however, there is excellent agreement between the positive and negative spectra,
showing that the choice of sulfate and organic particles is consistent for both polarities. The sulfate
and organic particles have distinct relationships between aerodynamic diameter and scattering. The
reason is that the density enters into the aerodynamic diameter and the refractive index enters into
the light scattering. The refractive index of stratospheric sulfuric acid/water solutions (about 1.5) is
similar to that of many plausible organic species. However, the densities are quite di4erent (about
1.7 and 1, respectively). Fig. 2b shows the traces shifted with the aerodynamic diameters calculated
with those densities. The good match shows consistency between the aerodynamic, optical, and
composition.

Also shown on Fig. 2 is a Mie scattering calculation for 25◦ and 155◦. Scattering from the more
e=ciently collected polarization (S1) has been scaled to match the data. Except for the smallest
particles, both curves have about the predicted functional relationship over this size range. The
smallest particles appear to scatter more light than predicted because only those that scatter the most
light (e.g. those in the middle of the laser beam) are detected, biasing the measurements high. A
small amount of absorbing material may be present in some of the organic particles that originated
from biomass burning, but Mie scattering calculations show that an imaginary index of 0.02 changes
the light scattering by less than 20% between 0.2 and 0:8 �m, mostly as a decrease in scattering for
the larger particles.

Particle densities have been retrieved from aerodynamic and optical diameters using separate
instruments (Hand & Kreidenweis, 2002) as well as instrumentation designed to measure density
(McMurry, Wang, Park, & Ehara, 2002). The results shown here bene;t from measuring both aero-
dynamic and optical diameters on the same particles. Even without mass spectra to sort the parti-
cles, recording the pulse height in traditional aerodynamic sizing instruments may provide additional
information on the particles with minimal extra hardware.
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